This paper presents a new reshaping technology which is suitable to realize real three dimensional silicon microstructures. In this process, the elastically deformed polysilicon structure is annealed by Joule heating generated by the current passing through the structure. Plastic deformation occurs resulting in permanent three dimensional shapes. The application of this basic process to different polysilicon structures is successfully performed. Some quantitative characteristics of the annealing effects are also investigated by means of structure deformation measurements.
Introduction
The ability to realize three dimensional (3D) structures is a key step for micromachine technology. Several excellent processes for 3D structures have been already proposed such as the hinge based structures [1] for integrated optics [2] or the LIGA process [3] .
On the other hand, polysilicon is a very convenient material for MEMS because of its compatibility to the CMOS process. One interesting property of polysilicon is thermal deformation capability. A hemispherical dome was fabricated by expanding polysilicon membrane with pressure at elevated temperatures [4] and thin polysilicon suspension can be even cut by local heating [5] .
In order to fulfill the needs for 3D processes, we have proposed a new technology to fabricate 3D polysilicon structures, named "reshaping technology". In this technology thermal plastic deformation is used. A structure fabricated by the surface micromachining technology can be deformed to an arbitrary 3D shape with this technology. Figure 1 schematically illustrates the process. Micro structures fabricated by the surface micromachining technology are first elastically deformed or lifted up with manually controlled micro probes. Next, electric power is supplied through the probes, and due to the annealing effect of the Joule heat, the plastic deformation of polysilicon occurs resulting in permanent 3D shapes.
We have several motivations to develop the technology. Figure 1 The schematic illustration of reshaping technology.
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within an elastic deformation range is smooth and flexible.
3D structures will be realized by integrating microactuators to deform the microstructure [8] instead of manual operation.
2.
Fabrication and the reshaping process the structure used for the reshaping technology is schematically illustrated in Fig. 2 . First, trenches of high aspect ratio are made in the silicon substrate by anisotropic reactive ion etching in which CF2Cl2 and SF6 plasma is used with Cr mask (step 1 and 2). (Nevertheless, these trenches are not essential for the reshaping technology and the substrate can be also directly oxithe substrate and trenches are thermally oxidized in wet face is covered and the trenches are filled with LPCVD polysilicon on the oxide (step 4). At that stage the polysilicon is doped from poly-boron film (PBF) and is obtained.) The reshaping technology is applied to this polysilicon layer.
Step 5, the polysilicon structures are patterned by anisotropic reactive ion etching using SiCl4 and SF6 plasma with photoresist as mask. In order to avoid sticking onto the silicon substrate during the polysilicon releasing, the PR assist method [9] is used. In this method, the patterns are first covered by a fine-mesh pattern of photoresist. Then, the wafer is dipped in HF for 20 minutes, and the released polysilicon structures which have anchors to the substrate are obtained (see step 7 in Fig. 2) . Finally, the resist pattern is totally removed by O2 plasma. right on the SEM picture. The reshaping current was set to 3.5mA with 2-3second duration. (For the longest beam, the corresponding applied voltage was 15V.)
In the Fig. 4 , the end plate is framed with thick polysilicon obtained from the trench-filling, and the arm After reshaping, this structure could be vertically actuated by electrostatic force.
Investigation
This technology consists of two steps; initial elastic deformation and the Joule heating. Then, we have two parameters to control the technology; value of deformation and the electric energy of the Joule heating.
We can control the initial deformation by properly designing the shape of polysilicon structures. In this study, we used a simple shape (a beam) and examined the effect of electrical input to obtain final deformation which was different from the initial form.
So, we measured such subjects as follows.
includes two measurements; the input current value or input time versus reshaped results, the V-I characteristics during the Joule heating.
fluence of the applied electric power on the reshaping process is investigated. The initial polysilicon structure is a one-end-fixed beam depicted in Fig. 5 . As shown in Fig. 5(b) , the unfixed pad is slid over a distance of ter applying electric power, the height of the beam, 'y', is measrued as a function of the position, 'x', along the beam as shown in Fig. 5 (c).
(1) The electiric input versus reshaping profiles Figure 6 and Table 1 show the results with different current values applied during a given time (30sec.). Figure 6 illustrates the profiles of reshaped buckled beams. The applied current ranges from 0.0mA (no annealing) to 6.0mA. No permanent deformation was observed for currents lower than 2.0mA. At 3.0mA, the beam height tial reshaping, but the profile is close to that of the flat est point. The profile is sharper than that of the 3.0mA, and closer to that of the initial shape. We can say that the reshaping effect of 4.0mA was much more pronouced than that of 3.0mA. In this case, the consumed electrical energy was 1.30J. The maximun deflection remains unchanged between 5.0 and 6.0mA. The corresponding profiles are almost the same. In such cases, we define that the beam is fully reshaped. We also define that the beam is partially reshaped if the beam deforms but is not fully reshaped. Figure 7 and Table 2 show the variation of the beam shapes for different annealing times at given current (4.0mA). Figure 7 schematically illustrates the profiles of reshaped beams with released pads. The reshaped profile after 10seconds exhibits partial plastic deforma- Table 1 Electric input needed to the reshaping (current value is the parameter)
tion. In this case, the consumed energy was 0.443J. We can say that at 4.0mA, the reshaping process can be Figure 6 Profiles of the structure at given time(30sec, current value is a parameter) Figure 7 Profiles of the structure at given current value(4.0mA, flowing time is a parameter) We measured the surface temperature of the structures in order to investigate the influence of the annealing effect and to explain the reshaping phenomenon. Figure 10 shows the structure used for the temperature measurement. This was almost the same as that used for profiles measurement, but the width and the We measured the temperature by using the surface temperature measurement system (Nippondenkisanei Thermomicro 6T04S). The measurement principle of the system is as follows; the infrared emission from a sample is detected by the high resolusion infrared sensor (InSb based, with liquid nitrogen cooling). The infrared light is translated into electric signal and thus the surface temperature is calculated.
In this measurement, we employed conductive paste and wire bonding with metal electrodes (crominium and gold) instead of the probes.
Conductive paste was used to fix the structure in an elastically deformed shape and to render electric conductivity for Joule heating; we supplied current through the wires connected to the metal electrodes.
We had an error in the temperature measurement due to the defocusing problem of the microscope, since the height of the beam changed during the deformation.
often observed the conductivity (or the current) fluctuating in a short time, because of the thermal breakdown of the current path; this was due to the current concentration, known as micro fuse phenomenon. In our case it was due to the ununiformity of the conductive paste. As a result, it was difficult to determine the temperature with high accuracy. 
Discussion
We suppose the reshaping process as follows: The Joule heat at the bending point causes the annealing effect of the material (polysilicon). Then, the initial stress due to the elastic deformation is released to reconstruct the structure, while the plastic deformation occurs. It is known that single crystallized silicon is plastically Plastic deformation of polysilicon is observed [4] .
From experiments in Section 3., it is suggested that there are thresholds of electrical input (flowing time or current value) at which the reshaping phenomenon starts. When the flowing time is 30sec., the threshold is 3-4mA, corresponding to about 1J of electric energy. When the current is 4.0mA, the threshold is shorter than 10sec., which corresponding to less than 0.44J of electric energy. From them, we may conclude that beams are more easily reshaped at large current value with short flowing time than at small current value with long flowing time.
From Fig. 9 , we observed the difference of the conductivity between the flat sample and the buckled sample above 12V. The Joule heat generated in the flat sample dissipated through the silicon substrate. On the other hand, the buckled sample was far away from the substrate, therefore the Joule heat did not dissipate anywhere.
Moreover, in general, polysilicon has large conductivity at high temperature because of the property of polysilicon; conductive carriers are exited by thermal energy.
From those two reasons, we suppose that the temperature of the buckled beam was higher than that of the flat beam. Elastic deformation prior to current application is necessary to give an initial 3D shape but it also helps temperature rise which causes plastic deformation for reshaping.
The unstability of the V-I characteristic may come from the piezo-resistivity effect or the effect of the change of the polysilicon grains due to the internal stress releasing, but this problem is under investigation.
Conclusions
We 
